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SlovakiaIn order to evaluate the potential of the Schmidt hammer for relative age dating of Late Pleistocenemoraines and
rock glaciers, rebound (R) valueswere collected at 38 sites in two formerly glaciated valleys in theWestern Tatras
in northern Slovakia. A large statistical population of measurements obtained from moraine and rock glacier
surfaces was used to analyze the variability of mean R-values in the same lithology and overall southern valley
exposition. Four separate sets of glacial/periglacial morphosystems are present at different positions in the
Western Tatras starting from valley outlets to the highest cirques, which represent successive phases of
deglaciation. R-value means and 95% conﬁdence intervals for selected Last Glacial Maximum (LGM), and Late
Glacial (LG-1, LG-2 and LG-3) stages (respectively, 40.1 ± 1.1, 46 ± 0.5, 53.5 ± 1.0 and 60.5 ± 0.3) are
signiﬁcantly statistically different and values for each age category are comparable for the two analyzed valleys.
The results of weathering indexes used in conjunction with geomorphological relationships were taken together
to reconstruct the pattern of deglaciation on southern Tatra slopes. It is stated that the Schmidt hammer
technique may be successfully used as a relative age dating tool for Late Pleistocene glacial and periglacial
deposits, and with this method, it is possible to differentiate between Late Glacial moraines and rock glacier
systems of different age.
© 2013 The Author. Published by Elsevier B.V.Open access under CC BY license.1. Introduction
The dating of moraines and rock glaciers is currently one of themost
rapidly developing and methodically advanced ﬁelds in glacial and
periglacial geomorphology (Haeberli et al., 2003; Ivy-Ochs et al., 2007;
Owen et al., 2002). Glacial deposits are frequently classiﬁed on the
basis of moraine position andmorpho-lithostratigraphical relationships
(Hughes et al., 2005). Numericalmoraine age is usually estimatedby the
recently developed technique of terrestrial cosmogenic nuclide dating
(Dunai, 2010; Gosse and Philips, 2001; Lal, 1991); however, the accura-
cy of the technique is still improving, and all age estimates feature ﬁeld
and laboratory uncertainties that must be assessed. Precise dating of
rock glaciers is more difﬁcult to constrain and requires an integrated
approach of relative and numerical determination methods (Böhlert
et al., 2011a, 2011b; Frauenfelder et al., 2005; Haeberli et al., 2003;
Keller-Pirklbauer et al., 2008). Reliable radiocarbon dating of these
features is impossible due to the lack of suitable organic material (Ivy-
Ochs et al., 2009); however, extremely limited quantities of organic
remnants in permafrost cores made it possible to date some active
rock glaciers (Haeberli et al., 1999; Konrad et al., 1999). Recent studies. Open access under CC BY license.in the European Alps have shown that relict rock glaciers (Late
Pleistocene and Early Holocene) can be quite successfully exposure
dated using cosmogenic nuclides (Böhlert et al., 2011a, 2011b; Ivy-
Ochs et al., 2009), and age data obtained on rock glacier surfaces mark
the time of their ﬁnal stabilization.
As cosmogenic dating analyses are expensive and time consuming,
relative surface age dating of moraines and rock glaciers is more
frequently attempted by applying the Schmidt hammer test and other
relative dating methods such as lichenometry (Dyke, 1990; Haeberli
et al., 1979; Hamilton andWhalley, 1995) or weathering rind thickness
(Laustela et al., 2003; Nicholas and Butler, 1996; Oguchi et al., 2001).
The Schmidt hammer (SH) test is a relatively new exposure age
dating technique used to quantify the degree of rock weathering, which
has been used in glacial environments since 1980 as amethod for the rel-
ative age dating of coarse inorganic deposits e.g., moraines (Evans et al.,
1999; Matthews and Shakesby, 1984; McCarroll, 1989, 1991; Mentlik,
2006; Shakesby et al., 2003, 2006; Sjöberg, 1990; Sjöberg and
Broadbent, 1991; Winkler et al., 2003), rock glaciers (Frauenfelder
et al., 2005; Humlum, 1998; Keller-Pirklbauer et al., 2008; Nicholas and
Butler, 1996), glacially scoured bedrock (Matthews et al., 1996;
McCaroll and Nasje, 1993; Winkler et al., 2003) and rock avalanche de-
posits (Clark and Wilson, 2004; Nesje et al., 1994). Limitations of the
method itself have been described in the literature (Goudie, 2006a,b;
McCarroll, 1989); however, many recent studies (Matthews and
Winkler, 2011; Shakesby et al., 2011) have demonstrated its high dating
potential. Application of the SH method in mountain regions lacking
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broader determinationof regional stratigraphic relationships and the rec-
ommended procedure between geomorphological mapping and numer-
ical dating (Hughes et al., 2005; Mentlik, 2006). In the case of calibration
using local control points of known age, the SH method is known as
Schmidt hammer exposure age dating (SHD) (Matthews and Winkler,
2011; McCarroll, 1989; Shakesby et al., 2011; Winkler et al., 2003).
R-values and SHD data were previously obtained mostly from Holo-
cene glaciated surfaces (Matthews and Winkler, 2011; Shakesby et al.,
2006; Shakesby et al., 2011), where the glacial history is well known
and numerical data were widely available for calibration purposes.
However, some researchers (Anderson et al., 1998; Ballantyne, 1997;
Černa and Engel, 2011; Rae et al., 2004; Sumner et al., 2002) extended
the dating capability of this instrument to Late and Middle Pleistocene
glacial and periglacial landforms. Nevertheless, this type of data is still
relatively scarce and the effective age range of Schmidt hammer dating
is still unclear. Observed non-linear relationships between rock
weathering and time for pre-Holocene surfaces are signiﬁcantly affected
by other parameters such as the chemical and mineral composition of
rocks (Sánchez et al., 2009), surface roughness (McCarroll, 1989, 1991,
1992; White et al., 1998) and moisture content (Goudie, 2006a,b),
which are assessed as sources of potential errors that affect research
results.
In this paper Schmidt hammer rebound (R-) values for Late Pleisto-
cenemoraine and rock glacier sequences are presented for two formerly
glaciated valleys in theWestern Tatra Mountains in Slovakia in order to
evaluate the potential of the instrument as a relative age dating tool. A
large statistical population of measurements was used to analyze the
variability of mean R-values in the same lithology and overall southern
valley exposition. Moraine ridges in Tatra valleys and cirques have been
attributed to several Late Glacial advances (Baumgart-Kotarba and
Kotarba, 1997, 2001). In the comparatively adjacent region of the Slovak
Western Tatras, by contrast, no moraines have been reliably dated and
relatively little is known about Late Pleistocene glacial variations. Due
to the paucity of material suitable for radiometric dating, the age of mo-
raines and rock glaciers may be estimated by measuring the degree of
boulder surface weathering, which is related to deposition time.
The speciﬁc objectives of this paper are threefold: (i) to apply the SH
technique to Late Pleistocenemoraine and rock glacier systems found in
theWestern TatraMountains; (ii) to evaluate the research results in re-
lation to the testing method itself; and (iii) to reconstruct deglaciation
patterns for the Western Tatra Mountains on the basis of the relative
age relationship between glacial and periglacial features.
2. Study area
The 786 km2 large Tatra Mountains (49°17′–49°06′ N, 19°36′–
20°20′ E) represent a typical European high mountain region
(Klimaszewski, 1988; Lukniš, 1973) located along the Polish–Slovak
border (Fig. 1A, B). The Tatra Mts. are the highest and northernmost al-
pine range in the Carpathians, as well as in thewhole of Central Europe.
TheW–E main ridge is about 60 km long, which creates a regional oro-
graphic and geoecological barrier, and deﬁnes slope asymmetry: long,
relatively gently sloping valleys to the north, and short, steep valleys
to the south (Fig. 1B). The eastern section (High Tatra Mts.) reaches
2655 m of elevation (Gerlachovsky Štit), while the western section
(Western TatraMts.) reaches 2250 mof elevation (Bystra Peak). Fifteen
other summits exceed 2100 m of elevation (Fig. 1B).
The research was carried out in two southward trending valleys
(Žiarska and Bystrá Valleys) located in the Slovak part of the Western
Tatras (Fig. 1B, C and D). The morphology of the study area can be char-
acterized by a well-preserved stratigraphic sequence of glacial–
periglacial landforms, which are related to the longest period of glacia-
tion on southern Tatra slopes (Szaﬂarski, 1937).
Bedrock in the study area mainly consists of medium-grained
muscovite-biotite granodiorite and biotitic tonalities, which belong tocommonly found Tatra-type carboniferous granites, as well as higher
weathering susceptible metamorphic mica-shists and metasediments,
(paragneisses and amphibolites) (Kohút and Janák, 1994; Nemčok
et al., 1994). The granite varies from medium-grained to coarse-
grained and is gray in color. The landscape of the study area bears wit-
ness to extensive glacial and periglacial sculpting during the Pleisto-
cene, when the Tatras were the most glaciated range in the Western
Carpathian Mountains (Klimaszewski, 1988; Lukniš, 1973). Pleistocene
glaciationwas characterized by alpine-type valley and cirque glaciers as
well as active talus and debris-rock glaciers during the ﬁnal phase of de-
glaciation (Kotarba, 1991, 2007). Well-developed amphitheater glacial
cirques in the V'elkè and Malè Závraty as well as Bystré plesa and
Suchý zadok with glacial trimlines and rock steps are the most pro-
nounced glacial–erosional features in the studied valleys.
The mean annual temperature changes along the vertical proﬁle
from 5 °C at the foot of the massif to −2 °C atop the highest summits
(Konček and Orlicz, 1974). The southern, lee side of the TatraMts., is lo-
cated in a precipitation shadow (Niedźwiedź, 1992). Mean annual pre-
cipitation changes from ca. 900 mm at an elevation of 950 m to ca.
1650 mm at an elevation of 2000 m (Chomicz and Šamaj, 1974). The
present-day snow line is found above the highest summits. In theWest-
ern TatraMts., the snow line is found at about 2500 to 2600 mabove sea
level (Zasadni and Kłapyta, 2009).3. Glacial history of the Western Tatra Mts.
Glacial deposits are extensive and well-preserved in the Western
Tatras and extend as low as 900 m above sea level. Moraine deposits
on southern Tatra slopes have been observed by many researchers
(e.g. Halouzka, 1987; Lucerna, 1908; Lukniš, 1964; Młodziejowskim,
1937; Szaﬂarski, 1937), although it is only recently that the
morphostratigraphy and sedimentology of these features have been in-
vestigated in great detail (Kłapyta, 2009, 2011). Over the years most
geomorphological and paleogeographical studies were carried out in
the High Tatra Mts. (Baumgart-Kotarba and Kotarba, 1997, 2001;
Klimaszewski, 1988; Lukniš, 1973). Hence, there is a much better un-
derstanding of local landforms and their geochronology in this region
compared to the Western Tatra Mts.
The glacial deposits in this area have not been absolutely dated yet;
however, local geomorphological patterns were used to identify the
most extensive glacial deposits and three sets of Late Glacial recessional
moraines (Halouzka, 1987; Kłapyta, 2009; Lucerna, 1908; Lukniš, 1964;
Szaﬂarski, 1937). All the researchers involved share the opinion that the
most extensive glacial landforms currently visible in theWestern Tatras
(versus the adjacent High Tatras) belong to the Late Würmian substage
and were created during the Last Glacial Maximum (LGM, 26.5–21 ka
BP). Furthermore, speleotheme data from northern Tatra caves
(Głazek, 1984;Hercman et al., 2008) has conﬁrmed that themost prom-
inentWürm glaciation in theWestern TatraMountains occurred during
MIS 2.
Relict rock glacierswere ﬁrst identiﬁed byNemčok andMahr (1974)
in the Slovak part of theWestern Tatras, and by Kaszowski et al. (1988),
in the Polish part of the Western Tatras. Detailed geomorphological
mapping of Žiarska Valley (Kłapyta, 2009, 2011) provided evidence of
well-developed moraines and talus-rock glaciers that had evolved dur-
ing the ﬁnal phases of cirque glacier recession. Geomorphological pat-
terns and landforms suggest at least two generations of rock glaciers
in Western Tatra glacial cirques (Kłapyta, 2009, 2011). This would
have required two episodes of signiﬁcantly decreasing temperatures
over at least several centuries for rock glaciers to become active.
According to Kaszowski et al. (1988) and Kotarba (1991/1992), the
last period of activity of Tatra rock glaciers was linked with a signiﬁcant
period of cooling during the Younger Dryas, as this had been the only
period of sustained cold conditions following the disappearance of ice
associated with the last glaciation.
Fig. 1. (A) Geographical position of the TatraMountains, (B) Location of the Bystrá and Žiarska valleys, (C) Location of Schmidt-hammermeasurement sites in the Bystrá valley in relation
to local morpho-litostratigraphic units, (D) Location of Schmidt hammer measurement sites in the Žiarska valley in relation to the local morpho-litostratigraphic units. LGM—Last Glacial
Maximum, LG—Late Glacial.
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the Holocene moraine-rock glacier landsystem does not exist in the
Western Tatra Mountains. Empirical glacio-climatic relations based on
temperature–precipitation distribution (Zasadni and Klapyta, 2009),
indicate that during the Little Ice Age (LIA) climatic snow line (cSL)
did not fall considerably below the elevation of the highest Tatra
summits. In the eastern part of the Western Tatras (Kasprowy Wierch
summit), the LIA cSL is assessed to be at ca. 2300–2450 m a.s.l.
(Zasadni and Klapyta, 2009). The cSL positionwasplaced approximately
500–600 m above the most upper part of the ﬂat glacial cirque ﬂoors
(1800–1900 m a.s.l), hence, the LIA cirque glacierization seems to be
impossible. In contrast, debris ﬂow activity was the most important
process shaping the slopes and cirque bottoms during the whole
Holocene (Kłapyta and Kołaczek, 2009; Libelt and Obidowicz, 1994).4. Methods
4.1. Geomorphological mapping
GPS-aided geomorphological mapping on 1:10,000 base maps was
applied in the ﬁeld to distinguish distribution and morphostratigraphic
relationships between glacial and periglacial landforms in the Žiarska
and Bystrá Valleys. Additionally, Ikonos satellite images, taken in August
of 2004 by Tatra National Park, aerial photographs and extensive ﬁeld
observations were carried out to describe complicated sets of moraine
ridges and rock glaciers found in glacial cirques,which point to complex
patterns of deglaciation. Rock glaciers were identiﬁed on the basis of
the occurrence of typical morphological indicators (frontal slope,
ridge-and-furrow relief, orientation of longitudinal axis of boulders).
Topographic parameters of rock glaciers (frontal slopes, core zone
altitudes, longitudinal axis orientations and aspects) were measured.
The morphological and altitudinal characteristics of the studied rock
glaciers are listed in Table 1.Table 1
Topographical data for the studied rock glaciers in the Bystrá and Žiarska Valleys, for the locatio
(LG 2–3).
Rock glacier Type Debris source Plan form Aspect Alti
(m
Hea
Bystrá Valley
1 Protalus lobe Talus Lobate E 151
2 Protalus lobe Talus Lobate SSW 150
3 Monomorphic Talus Tongue-shaped SSW 154
4 Protalus lobe Talus Lobate SSW 160
5 Protalus lobe Talus Lobate SSW 177
6 Protalus lobe Talus Lobate SW 185
7 Protalus lobe Talus Lobate SW 186
8 Protalus lobe Talus Lobate NE 187
9 Protalus lobe Talus Lobate SSW 188
10 Protalus lobe Talus Lobate NE 191
11 Protalus lobe Talus Lobate SW 192
Žiarska Valley
12 Polymorphic Moraine Tongue-shaped S 189
12a Moraine Tongue-shaped S 185
12b Moraine Tongue-shaped SSE 189
13 Polymorphic Moraine Tongue-shaped SSE 188
13a Moraine Tongue-shaped SE 178
13b Moraine Tongue-shaped S 188
14 Monomorphic Talus Lobate SW 173
15 Monomorphic Moraine Tongue-shaped SSW 164
16 Monomorphic Talus Tongue-shaped SW 182
17 Protalus bulge Talus Rampart S 183
18 Protalus lobe Talus Lobate S 183
19 Protalus lobe Talus Lobate S 184
20 Monomorphic Talus Lobate S 183
21 Monomorphic Moraine Tongue-shaped SE 184Given the lack of absolute glacial chronology in the study area, the
morpho-lithostratigraphic approach recommended by Hughes et al.
(2005, 2007) was adopted to establish the local order of glacial/
periglacial units (members). The morpho-lithostratigraphic members
present in each cirque–valley system were deﬁned on the basis of
sediment properties (dominant lithology, boulder size, soil develop-
ment) and morphology (shape, freshness, massiveness, number of
moraine ridges) (Tables 2 and 3). The stages identiﬁed are informal in
a chronological sense and refer to discrete glacial and rock glacier
advances recorded in deposits (Hughes et al., 2005; Owen et al.,
1998). The Western Tatra stages identiﬁed were tentatively correlated
to available regional chronology on the basis of relative topographic
position and moraine morphology (Baumgart-Kotarba and Kotarba,
1997, 2001). Relative age categories are proposed in Tables 2 and 3.
4.2. Measured Schmidt hammer rebound values
The SH method measures the distance of the rebound of spring-
loaded hammer mass impacting on the end of a steel rod held against
the tested surface (Shakesby et al., 2006). Rebound values (R-values)
provide a measure of rock surface hardness as well as the degree of
surface weathering that a rock surface has undergone and thus, its
relative age (Goudie, 2006a,b; Shakesby et al., 2006). A BN-type Schmidt
hammer (Silver Schmidt) was used to obtain the degree of rock surface
weathering and relative age of moraine and rock glacier boulders in the
Žiarska and Bystrá Valleys. The two valleys feature similar lithology,
geomorphologic position, and overall southern exposition, allowing a
direct comparison of the hardness measured by the obtained R-values.
Measurements were obtained at 38 sites (19 sites in Žiarska Valley
and 19 in Bystrá Valley), along a longitudinal transect from themaximal
moraines in valley outlets (elevation: 1065 m) to the glacial cirques
(elevation: 1865 m) (Fig. 1C and D). Readings were recorded on the
surfaces of common Tatra-type granite boulders; only for the Zr-max-
1 and Zr-max-2 sites, measurements were obtained for the surfaces ofn see Figs. 3 and 4. Relative-age categories: Last Glacial Maximum (LGM), Late Glacial 2–3
tude
a.s.l.)
Altitude range (m) Length (m) Width (m) Age category
d Front
0 1485 25 60 1000 LG-2
0 1474 26 60 210 LG-2
5 1510 35 230 240 LG-2
0 1565 35 160 400 LG-2
5 1740 35 140 445 LG-2
5 1843 12 28 68 LG-2
0 1847 13 90 250 LG-2
0 1854 16 90 180 LG-3
0 1860 20 160 200 LG-3
0 1890 20 100 360 LG-3
5 1914 11 60 120 LG-3
0 1748 142 238 138 LG-2
6 1748 111 119 65
0 1834 56 180 110
0 1745 135 198 118 LG-2
0 1745 35 80 56
0 1757 43 165 76
0 1720 10 50 60 LG-2
0 1515 125 530 310 LG-2
5 1767 58 130 160 LG-3
5 1822 13 40 70 LG-3
0 1820 10 90 90 LG-3
0 1831 9 40 70 LG-3
0 1810 20 80 100 LG-3
5 1825 20 200 220 LG-3
Table 2
Local morpho-litostratigraphic units in the Bystrá Valley, for the location see Fig. 1C. Relative-age categories: Last Glacial Maximum (LGM) and Late Glacial 1–3 (LG 1–3).
Local morpho-
litostratigraphic unit
Relative age
category
Morphology Lithology
Dùbrava Member
(B-max)
LGM Moraines of the maximal glacial extent, ground moraine
covers, lateral moraine ridges, up to 10–20 m high, ﬂuvioglacial
cone, continuous soil cover
Diamicton with single granite boulders,
max.1–2 m of the a-axis dimension
Kuštikovo Košar.
(B-1)
LG-1 Massive, subdued, lateral moraines, rewashed frontal moraines Diamicton with subangular granite boulders
Bystré plesa
Member
B-2a LG-2 Well-deﬁned, massive, steep-walled, blocky, doubled moraines,
up to 20–45 m high (accretion), outstanding re-advance, collapsed,
blocky ablation covers with dead-ice topography, ﬂuted moraines,
discontinuous soil cover, small talus relict rock glaciers discordant
to the B–1 moraines
Often blocky, open-work granite debris,
boulders 0.45–0.5 m of the mean b-axis dimension,
maximal N 2 m
B-2b LG-2 Sharp crested, clearly smaller than ZR-2a, single moraines up to 5 m
high, small protalus lobes, discontinuous soil cover
Often blocky moraines, granite boulders 0.45–0.5 m
of mean b-axis dimension
B-2c LG-2 Sharp crested, smaller than ZR-2b, single moraine, 5–10 m high,
discontinuous soil cover, large dead-ice depression at the proximal
side, up to 15–30 m deep
Often blocky moraines, granite boulders 0.5 m of the
mean b-axis dimension
Bystrá Member
(B-3)
LG-3 Well deﬁned, small talus-rock glaciers and protalus lobes (relict examples),
only in the highest part of cirques, discordant to the B-2c moraines,
fresh morphology, lack of soil cover, extensive dead-ice depressions
at the proximal side
Often blocky, open work debris, granite and gneiss
boulders, 0.75–0.8 m of the mean b-axis, rough surface
texture of boulders with upstanding quartz minerals
108 P. Kłapyta / Catena 111 (2013) 104–121orthogneisses, and for BP-7 and BP 8 from paragneisses. In this study,
measurements were made on moraine and rock glacier ridge crests in
order to minimize the possible inﬂuence of late-lying snow patches
(Ballantyne et al., 1989), and on stable, dry and near-horizontal boulder
surfaces, free of cracks and lichens (Fig. 2A; Day and Goudie, 1977;
Sumner and Nel, 2002). Test sites were kept as small as possible and
the largest boulders – in excess of 25 kg – were randomly chosen.
Measurements were obtained mostly on the same rock types, as
different degrees of rock surface hardness and weathering resistance
will affect the results (Goudie, 2006a,b;Winkler, 2005). Eachweathered
surface was prepared using the carborundum provided with the
Schmidt hammers. The sampling of boulder surfaces makes this tech-
nique sensitive to post-depositional disturbances, which could bring
relatively young boulders to the surface (Matthews and Winkler,
2011). In this type of a situation, mean R-values were treated as the
minimal age of each tested surface (Matthews and Shakesby, 1984).
Thirty hammer impacts were recorded per boulder from a total of ﬁve
boulders at each measurement site, and the mean rebound value was
calculated. Theﬁve values deviatingmost from themeanwere excluded
from the data set and a new mean R-value was calculated using the
remaining 125 values. The entire study was based on a total of 2375Table 3
Local morpho-litostratigraphic units in the Žiarska Valley, for the location see Fig. 1D. Relative-
Local morpho-
litostratigraphic unit
Relative age
category
Morphology
Dùbrava Member
(ZR-MAX)
LGM Moraines of maximal glacial extent, gro
covers, locally lateral moraine ridges, r
moraine zone, continuous soil cover
Kuštikovo Košarisko
Member (ZR-1)
LG-1 Massive, subdued, single moraines up t
continuous soil cover,
Bystré plesa Member ZR-2a LG-2 Well-deﬁned, massive, steep-walled, b
moraines up to 20–30 m high, outstan
bilobed morphology, collapsed, blocky
ﬂuted moraines, discontinuous soil cov
moraine relict rock glaciers
ZR-2b LG-2 Clearly smaller than ZR-2a, single mora
bilobed morphology, moraine relict roc
Bystrá Member (ZR-3) LG-3 Well deﬁned, small talus-rock glaciers
(relict examples), only in the highest p
morphology, lack of soil coverR-value readings from Žiarska Valley and 2375 readings from Bystrá
Valley. The similarities and differences between local mean R-values
were evaluated using 95% statistical conﬁdence intervals as well as the
median, standard deviation, coefﬁcient of variation and skewness
(Hubbard and Glasser, 2005; Matthews and Shakesby, 1984). In
addition, frequency histograms were used to analyze the nature of
mean R-value variances at each test site.
5. Results
5.1. Morpho-lithostratigraphic units in the Bystrá and Žiarska Valleys
5.1.1. Dùbrava Member (LGM)
The most extensive moraines are situated in the lowest part of the
Bystrá and Žiarska Valleys at elevations between 900 and 1100 m
(Tables 2 and 3). These are lateral moraine ridges (10–20 m high) and
ground moraines built from diamicton deposits containing subrounded
granite boulders (1–2 m in diameter) and continuous, well-developed
soil cover. Frontal moraine ridges have not been preserved. The best
exposed lateral moraine ridges (1 km long) are present in the outlet
part of the Bystrá Valley (B-max), and this region represents the areaage categories: Last Glacial Maximum (LGM) and Late Glacial 1–3 (LG 1–3).
Lithology
und moraine
ewashed end
Diamicton with single granite and gneiss boulders,
max.1–2 m of the mean a-axis dimension
o 10–12 m high, Diamicton with relatively few boulders, locally
(Malè Záwraty) somewhat blocky, granite, gneiss,
mica shists
locky, single
ding re-advance,
ablation covers,
er, extensive
Often blocky, open-work debris, boulders 1.25–1.65 m
of the mean a-axis dimension, mostly granites, in eastern
part of Malè Záwraty — mica shists lithology
ines up to 5 m high,
k glaciers
Often blocky moraines and rock glaciers, granites, in the
E part of the Malè Záwraty also mica shists
and protalus lobes
art of cirques, fresh
Often blocky, open work debris, granite boulders 1.25–1.65 m
of the mean a-axis, rough surface texture of boulders with
upstanding quartz minerals
Fig. 2. (A) Schmidt hammer measurement site on the boulder of Dùbrava Member maximal moraines (LGM), (B) Granodioritic boulders at the surface of the Dùbrava Member (B-max)
lateralmoraine ridge in the lower part of the Bystrá valley, (C) Right lateralmoraine ridge of theKuštikovoKošariskoMember (Zr-1) in the vicinity of theŽiarska chata tourist shelter. Relict
rock glaciers of the Bystré plesa Member (Zr-2) and Bystrá Member (Zr-3) are seen in the background, (D) Massive, outermost re-advancemoraine of the Bystré plesa Member (B-2a) in
the outlet of Suchý zadok cirque, (E)Massive tongue of the Zr-3 rock glacier of the BystráMember in the V'elkè Závraty cirque. View from theMt. Banikov (2178 m a.s.l.). Arrows indicate
main directions of debris supply.
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sloping granite gravels and cobbles forms a regular-shaped glacioﬂuvial
outwash fan below these moraines. Narrow outwash fan deposits built
of boulders (1–3 m of diameter) have also ﬁlled in the Žiarska Valley
bottom below the rewashed terminal moraine of maximum glacial
extent (Zr-max). In this valley, moraines equivalent to the Dùbrava
Member contain blocks of gneiss and granite which were deposited
on bedrock built of metamorphic mica-schists (Fig. 1D).
5.1.2. Kuštikovo Košarisko Member (LG-1)
The next set of re-advance moraines occurs 1.3 km up-valley of the
outermost limits of glaciation in the Bystrá (B-1) and Žiarska Valleys
(Zr-1) (Tables 2 and 3). The locality type of thesemembers is Kuštikovo
Košarisko in Bystrá Valley, where massive lateral moraine ridges are
present at an elevation of 1360 m (Fig. 1C).Moraines representmassive
(10–12 mhigh), subdued ridges built of diamicton depositswith single,
subangular granite boulders. In the main glacial trough of the Žiarska
and Bystrá Valleys, the distance and difference in altitude between
Kuštikovo Košarisko Member moraines and the lowest Dùbravá Mem-
ber moraines are quite similar. The moraine equivalents of those at
Kuštikovo Košarisko occur in the Žiarska Valley atmid-valley and cirque
positions at elevations of 1260–1560 m (Figs. 1D and 2C, Table 3). In the
Malè Závraty cirque, moraines are usually blocky, which indicates that
some glacier termini used to be covered with debris.
5.1.3. Bystré plesa Member (LG-2)
Other sets of moraines and relict rock glaciers are present at the
heads and sides of the studied valleys at elevations ranging from 1670
to 1840 m. The area type for the Bystré plesa Member moraines is
present in the Bystré plesa cirque (Fig. 3, Table 2), where a well-
deﬁned moraine sequence is situated ca. 1.5 km up-valley and
400–450 m higher than that at Kuštikovo Košarisko. The Bystré plesa
Member cirque moraines coexist with valley-side rock glaciers andappear to be of the same age. This suggests that glacier-derived and
talus rock glaciers also developed during this time period. An analogous
set of moraines is also present in the neighboring Suchý zadok cirque
(Fig. 2D, Table 2). These are massive, steep-walled moraine ridges as
well as surfacemoraines (ablationmoraines) built of open-work granite
boulders with discontinuous soil cover. Numerous dead-ice depressions
in the terminal parts of former glacier tongues are also present. The
outermost moraine (B-2a, Fig. 2D) formed as massive, accreted
(20–45 m high) or locally doubled ridges, indicates an outstanding re-
advance (Fig. 2D). On their proximal side, two sharp-crested, recessional
moraine ridges (B-2b and B-2c respectively) with minor sub-oscillations
can be found (Fig. 3). Both are much smaller (5–10 m high) in compar-
ison with the outermost moraine complex. On their proximal side, deep
(15–30 m) dead-ice depressions have formed; in the Bystrá Valley, the
depressions are occupied by Vyšne Bystré pleso and Anitine očko lakes
(Fig. 3).
In contrast, the glacial morphostratigraphic sequence of the Bystré
plesa Member is reduced in the steeper cirques of Žiarska Valley. No
more than two discrete moraine ridges (Zr-2a and Zr-2b) can be clearly
distinguished in the V'elkè Závraty cirque (Fig. 1D, Table 3). Moraines
are morphologically related with rock glaciers for the most part
(Fig. 4). In the eastern part of the V'elkè Závraty cirque, the outermost
moraine (Zr-2a) deposits grade into a large (0.076 km2) tongue-
shaped rock glacier body (no. 15 in Table 1), extending down to an
elevation of 1515 m. In the Malè Závraty cirque (Fig. 4), landform
equivalents of the Bystré plesa Member developed as polymorphic
rock glaciers (sensu Frauenfelder and Kääb, 2000). The lobe fronts
(no. 12 and 13 in Table 1) represent separate phases of rock glacier
formation, and their ages may represent succeeding cool climate
periods (Ayoma, 2005; Kirkbride and Brazier, 1995).
Local geomorphological patterns suggest that the stratigraphic
sequence of the Bystré plesa Member on the southern slope of the
Western Tatra Mts. is complex and consists of at least three sub-
Fig. 3.Geomorphologicalmap of theupper Bystrá valley: 1— sharp rocky ridge crest, 2— rounded ridge crest, 3— asymetmetrical ridge crest, 4— summits, 5—passes, 6— rocky slopes and
rockwalls, 7— debris-mantled slopes, 8— rock steps, 9— chutes, debris ﬂow gullies, 10— stream channels, 11— rock-fall gravity sorted talus cone, 12— rockfall gravity sorted talus slope,
13— alluvial talus slope, 14— rockfall talus slope-rock slide tongue, 15— alluvial-avalanche slope and cone, 16— glacial cirques, 17—moraine ridges, 18— ablationmoraine covers, 19—
groundmoraine covers, 20— relict rock glaciers, numerals in the graph refer to detailed description in Table 1, and 21— Schmidt-hammermeasurement sites. Details are shown in Table 4.
110 P. Kłapyta / Catena 111 (2013) 104–121members (LG-2a, LG-2b and LG-2c),which represent subsequent glacial/
rock glacier suboscillationsmarked by recessionalmoraine ridges and/or
rock glacier bodies. The full sequence is preserved only in the Bystrá
Valley, where spacy and relatively gentle-sloping cirques have been pre-
served (Table 2).
5.1.4. Bystrá Member (LG-3)
A fourth set of landforms appears in the highest part of the Bystrá
(Bystré plesa and Suchý zadok cirques) (Fig. 3, Table 2) and ŽiarskaValleys (V'elkè Závraty cirque) above 1850 m of elevation (Figs. 2E and
4, Table 3). The area type for this morphosystem is below the summit
of Bystrá (2250 m), in the upper reaches of the Bystré plesa cirque
(Fig. 3). No glacial moraines are present at these cirque locations —
only freshly shaped relict rock glacier bodies in the form of small mono-
morphic protalus lobes or rock glacier lobes that extend from the base of
large scree slopes. Rockfalls from headwalls of the cirque served as the
main source of debris; it would, therefore, appear likely that they are
talus-derived rock glaciers. Their surface is built of angular blocky,
Fig. 4. Geomorphological map of the upper Žiarska Valley, explanations, as on Fig. 3. Details for Schmidt-hammer measurement sites are shown in Table 5.
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soil cover. Their steep frontal slopes extend down to an elevation of
1850–1890 m and are situated 50–100 m higher than moraines of the
Bystré plesa Member (Tables 2 and 3).5.2. Rock surface weathering
5.2.1. Mean R-value variability in Bystrá Valley
SH measurements were recorded at 19 sites (Table 4) that repre-
sent a full sequence of local glacial/periglacial units (Table 2). Mean
R-values range from 38.15 (B-max) to 61.25 at the surface of the SZ-7
rock glacier (Fig. 5, Table 4). The 95% conﬁdence intervals are generally
small and range from ±0.5 (SZ-7) to ±1.2 (SZ-2). The mean R-value
steadily increases with distance from the valley outlet to the glacial
cirques.
The lowest mean and median values for all measurement sites in
Bystrá Valley (38.15 and 37.5 respectively) were recorded for Dùbrava
Member moraines (B-max), located at the lowest elevation and in
close proximity to the valley outlet (Fig. 2A and B, Tables 2 and 4).
Schmidt hammer rebound values indicate here the oldest moraine
generation in the Bystrá Valley (LGM).
Mean and median R-values obtained for successive Kuštikovo
Košarisko re-advance moraines (B-1) (47.26 and 48 respectively) show
a distinct increase in the range of nine units relative to the B-max site
(Fig. 5, Table 4).A substantial increase in mean R-values (6.6 units) in relation to B-1
moraines was also observed for the outermost moraine of the Bystré
plesa Member in the Bystre plesa and Suchy zadok cirques (B-2a site,
Figs. 2D, 5 and 6). Individual site means for both cirques show
comparable results and a steady increase in mean R-values with
generally strong overlapping of conﬁdence limits. In the Bystre
Plesa cirque, overall means for outer and inner moraines of the B-2a
stage are statistically signiﬁcantly different at the 95% level (51.76 ±
0.9 and 54.26 ± 0.7, respectively, Table 4). Two other recessional mo-
raines with B-2b and B-2c sub-oscillations feature generally higher
mean values with generally little overlapping of conﬁdence intervals
relative to B-2a (Table 4). However, overall mean R-values for the B-2c
morphosystem (BP-6 and SZ-6 sites, respectively) appear marginally
lower than those for B-2b (Table 4). Otherwise, all Zr-2 sites in both
Bystre plesa and Suchy zadok cirques show generally overlapping
conﬁdence intervals, which do not indicate a statistically signiﬁcant
difference between B-2a, B-2b and B-2c moraines (Fig. 5). On the basis
of mean and median R-values, these stages could be placed in one
relative age category (LG-2) with a mean R-value interval between 51
and 55.
The highest mean R-values for all measurement sites in Bystrá
Valley were recorded for the Bystrá Member protalus lobe-rock
glacier system (Figs. 5, 6). The youngest morphosystem in Bystrá
Valley (LG-3) has been identiﬁed by the SH measurements. Mean
and median R-values obtained for the B-3 stage range from 57 to
61 and are statistically signiﬁcantly different for individual and
Table 4
Statistical parameter of Schmidt hammer results in the Bystrá Valley: mean R-valueswith 95% conﬁdence limits (R value), median (M), number of measurements (N), standard deviation
(SD), coefﬁcient of variation (V) and skewness (SK). Relative-age categories: Last Glacial Maximum (LGM) and Late Glacial 1–3 (LG 1–3).
Site Site of boulders Altitude (m a.s.l.) R-value M N SD V SK Age category
B-max Moraine crest 1150 38.15 ± 0.8 37.5 125 4.58 5.59 0.47 LGM
B-1 Moraine cover 1360 47.26 ± 1.0 48 125 4.99 2.5 −0.06 LG-1
Bystre plesa cirque
BP-1 Moraine crest 1836 51.76 ± 0.9 51 125 5.38 8.62 0.58 LG-2a
BP-2 Moraine crest 1840 51.82 ± 0.9 51.2 125 5.02 4.91 0.49 LG-2a
BP-3 Moraine crest 1850 54.26 ± 0.7 54 125 4.13 0.77 0.22 LG-2a
BP-4 Rock glacier ridge 1876 53.31 ± 0.9 53.5 125 4.71 6.05 0.25 LG-2b
BP-5 Moraine crest 1898 55.86 ± 0.9 55 125 4.52 4.02 0.28 LG-2b
BP-6 Moraine crest 1882 55.0 ± 0.8 54.5 125 4.52 2.41 0.18 LG-2c
BP-7 Rock glacier ridge 1900 57.62 ± 0.8 57 125 4.7 1.47 0.20 LG-3
BP-8 Rock glacier ridge 1905 57.79 ± 0.8 59 125 4.08 0.28 −0.38 LG-3
BP-9 Rock glacier ridge 1915 60.75 ± 0.6 60.5 125 3.55 2.73 0.14 LG-3
Suchy Zadok cirque
SZ-1 Moraine crest 1842 53.24 ± 1.0 52.5 125 5.65 0.71 0.12 LG-2a
SZ-2 Moraine cover 1850 52.72 ± 1.2 53 125 6.21 6.86 0.10 LG-2a
SZ-3 Moraine crest 1847 54.58 ± 0.7 55 125 5.14 1.71 0.10 LG-2b
SZ-4 Moraine crest 1853 53.54 ± 0.9 52.5 125 5.20 2.49 0.33 LG-2b
SZ-5 Moraine crest 1850 55.57 ± 0.9 55.5 125 5.04 3.97 −0.06 LG-2c
SZ-6 Moraine crest 1860 54.89 ± 0.7 55 125 4.01 1.32 0.16 LG-2c
SZ-7 Rock glacier ridge 1862 61.25 ± 0.5 61 125 3.19 0.94 −0.17 LG-3
SZ-8 Rock glacier ridge 1865 60.92 ± 0.6 61 125 3.27 2.73 0.06 LG-3
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different (Fig. 5). Only two BP-7 and BP-8 sites are signiﬁcantly
different from all other sites, which appear to be accounted for by
geological differences in the tested gneiss surfaces (Fig. 5, Table 4).5.2.2. Mean R-value variability in Žiarska Valley
SH measurements were recorded at 19 sites (Table 5) that rep-
resent the full sequence of local glacial/periglacial units (Table 3).
The mean R-values range from 39.92 (Zr-max-2) to 61.90 at the
surface of the WZ-3 rock glacier (Fig. 5, Table 5). The 95% conﬁ-
dence intervals are generally low and range from ±0.4 (WZ-6) to
±1.3 (Zr-max-3, MZ-2-UL, MZ-3-UL). A steady increasing tendency
in R-values can be observed for measurement sites found along the
valley axis from the valley outlet through to the glacial cirques
(Fig. 5).
For the maximal moraine system (equivalent of the Dùbrava
Member), the calculated mean and median R-values are in close
agreement and are the lowest among the all measurement sites
ranging from 39 to 41 (Table 5). Given the lack of granite boulders
in moraine deposits in the lower parts of the valley (Zr-max-1 and
Zr-max-2), measurements were performed on orthogneiss surfaces.
Otherwise, there is no clear difference in mean R-values for sites in
the lowest parts of the valley (Zr-max-1 and Zr-max-2, elevation:
1060–1200 m) and the high altitude site at the bottom of the
Malè Závraty cirque (Zr-max-3. elevation: 1600–1750 m). Three
Zr-max sites show overlapping conﬁdence intervals, which indicate
the lack of a statistically signiﬁcant difference between them, and
therefore, may be regarded as part of the same statistical popula-
tion. Schmidt hammer rebound values helped identify the oldest
moraines in Žiarska Valley (LGM).
A substantial increase in mean R-values (4.6 units) may be
observed for the next Zr-1 and MZ-1 sites relative to Zr-max sites
(Figs. 2C and 5). Mean R-values for Kuštikovo Košarisko Member
moraine equivalents in Žiarska Valley (LG-1) are not statistically
signiﬁcantly different at the 95% level (45.9 ± 0.7 and 44.84 ± 0.8,
respectively, Fig. 5, Table 5).
A distinct difference in mean and median R-values in relation
to ZR-1 moraines (in the range of 9 units) can be discerned formeasurement sites representing Bystré plesa Member equivalents
(ZR-2) preserved in the Malè and V'elkè Závraty cirques (Table 5,
Figs. 5 and 7). The application of the Schmidt hammer revealed
comparable weathering results for measurement sites in east-side
and west-side cirques in Žiarska Valley. Furthermore, no statistical-
ly signiﬁcant differences were discovered between weathering
indices for ZR-2a and ZR-2b sites (Fig. 5). The mean R-values for in-
dividual rock glacier lobes in the Malè Závraty cirque (MZ-2-LL/UL
and MZ-3-LL/UL, no. 12 and 13 in Table 1) are very consistent. In
the case of MZ-2 and MZ-3 rock glaciers, the difference between
the lower and upper lobes is in the range of 1.82 and 1.33 units,
respectively (Table 5). All Zr-2 sites possess overlapping conﬁdence
intervals, which indicate no statistically signiﬁcant difference
between them. Thus, ZR-2a and ZR-2b morphosystems may be
placed in one relative age category (LG-2) with mean R-values
ranging from 52 to 56 (Fig. 5, Table 5).
There is no signiﬁcant difference between mean R-values obtained
for moraines (Wz-2, Wz-3, Wz-4) and related moraine rock glacier
sites (Wz-1a, Wz-1b) in the V'elkè Závraty cirque (Table 5, Figs. 5 and
7). This implies a similar age for both landforms. As rock glacier WZ-1
transitions into a moraine of the ZR-2 advance, this indicates that
large quantities of constituent debris had moved to the head of the
rock glacier during the LG-2 glacier stage.
There is a fairly clear difference in mean R-values for rock glacier
surfaces in the lower and upper parts of V'elkè Závraty cirque (in the
range of 7.4 units) (Fig. 7). Mean R-values for the Bystrá Member
protalus lobe-rock glacier system (WZ-5, WZ-6, WZ-7, WZ-8 and
WZ-9) are signiﬁcantly different and constitute the highest mean R-
values for all the measurement sites in Žiarska Valley, which range
from 61.54 ± 0.7 to 62.15 ± 0.4 (Fig. 5). Their 95% conﬁdence inter-
vals overlap and are relatively small (from ±0.4 to ±0.7). Thus, these
results may be placed in one age category (LG-3).5.3. Comparison of R-value variability for Bystrá and Žiarska Valleys
Similar lithology as well as similar topographic and climate
conditions and overall aspects controlling general rock weathering
conditions allow for a comparison between R-value measurements for
Fig. 5.Mean R-values with 95% conﬁdence intervals for themoraines and rock glaciers from (A) Žiarska Valley, (B) Bystrá Valley, (C) combined data. Mean R-values with 95% conﬁdence
intervals are shown for individual sites, additionally median values are presented for combined results. Numerals in the graph refer to measurement locations in Figs. 1C, D, 3 and 4. Rock
glacier sites' symbols have been bolded.
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Fig. 6. Spatial distribution of Schmidt hammer rebound (R-value) measurements in the upper part of the Bystrá Valley (Bystre plesa and Suchy zadok cirques) plotted on the aerial
photograph projected on the DEM.
114 P. Kłapyta / Catena 111 (2013) 104–121the Bystrá and Žiarska Valleys. The Schmidt hammer measurements for
the glacial and periglacial features on the southern slope of theWestern
Tatras reveal mean R-values in the range of 38.15 to 62.15 (δ = 24),
with generally low 95% conﬁdence limits (Fig. 5).
The lowest mean R-values represent strongly weathered boulders
forming lateral and ground moraines of the Dùbrava Member (LGM).
However, slightly higher R-values (40–41) were calculated for Žiarska
Valley LGM sites in comparison with Bystrá Valley sites (37.5). The ex-
planation for this is that SH readings for Žiarska Valley maximal mo-
raines (ZR-max-1 and ZR-max-2 sites) were performed on orthogneiss
surfaces, which are slightly harder in comparison with granite surfaces.
Otherwise, there is no clear difference between mean R-values, neither
for granite nor for gneiss surfaces. The overlapping conﬁdence intervals
showmeanR-values for theB-max andZR-max sites. Themean andme-
dian weathering index for LGMmaximal moraines was calculated to be
40.1 ± 1.1 and 39.5, respectively (Fig. 5).
For LG-1 sites in the Bystrá and Žiarska Valleys, the mean R-values
range from 44.84 (MZ-1 site) to 47.26 (B-1 site) (Fig. 5). Three sites of
the Kuštikovo Košarisko Member in both valleys are not statistically
different, and therefore, can be regarded as part of the same statistical
population with a combined mean of 46 ± 0.5 (Fig. 5), additionally
the median R-value was calculated to be 45.5 (Fig. 5). Thus, there is a
fairly clear difference in mean R-values in the range of 6 units be-
tween maximal moraines (LGM) and the ﬁrst Late Glacial moraine
morphosystem (LG-1).
Mean R-values for the moraines and relict rock glaciers of the
Bystré plesa Member (LG-2) range from 51.76 (BP-1) to 56.33
(MZ-3-UL). This range of 4.57 is twice that for other sites, indicatinggreater variability in R-values related to the complex moraine
and rock glacier arrangements of the LG-2 morphosystem. However,
there is no evidence from these data for a consistent difference in
mean R-values between LG-2a, LG-2b and LG-2c morphosystems
(Fig. 5). The fact that the combined means for the Bystré plesa
Member in the Žiarska (54.39) and Bystrá Valleys (53.88) do not
differ signiﬁcantly (Fig. 5) conceals considerable variability between
different locations in the two valleys. Thus, a combined overall mean
and median R-value for LG-2 sites was calculated to be 53.5 ± 1.0
and 53.5, respectively, which is 7.5 units higher than that for LG-1
sites (Fig. 5).
For the BystráMember protalus lobe-rock glacier system (LG-3), the
meanR-values range from57.62 (BP-7) to 62.15 (WZ-7). However, only
granite site data were used for further calculations of the LG-3
weathering index. The means for para-gneiss boulders at the BP-7 and
BP-8 sites in the Bystré plesa cirque were excluded because their
locations' mean values appear to be lower than those for granite sites,
and this difference was statistically signiﬁcant (Fig. 5). The remaining
eight sites are not statistically different and their combined mean
(60.5 ± 0.3) and median (61) is the highest among all the measured
morphosystems on the southern slope of the Western Tatras, which is
7 units higher than that for LG-2 sites. The locations' mean values for
LG-3 rock glaciers in Žiarska Valley appear marginally higher than that
for Bystrá glaciers, but this difference is not statistically signiﬁcant
(Fig. 5).
Overall R-values and conﬁdence intervals for Late Pleistocene
morphosystems in Žiarska Valley are remarkably similar and largely
overlap with a corresponding group in Bystrá Valley (Fig. 5). There
Table 5
Statistical parameter of Schmidt hammer results in the Žiarska Valley:mean R-valueswith 95% conﬁdence limits (R value),median (M), number of measurements (N), standard deviation
(SD), coefﬁcient of variation (V) and skewness (SK). Relative-age categories: Last Glacial Maximum (LGM) and Late Glacial 1–3 (LG 1–3).
Site Site of boulders Altitude (m a.s.l.) R-value M N SD V SK Age category
Zr-max-1 Moraine cover 1065 41.27 ± 1.2 42 125 6.59 4.48 0.11 LGM
Zr-max-2 Moraine cover 1190 39.92 ± 1.0 39.5 125 5.59 3.07 0.08
Zr-max-3 Moraine cover 1580 41.02 ± 1.3 41 125 6.13 1.1 0.19
Zr-1 Moraine crest 1290 45.90 ± 0.7 45.5 125 3.85 1.32 0.33 LG-1
Male Zawraty cirque
MZ-1 Moraine crest 1745 44.84 ± 0.8 45 125 4.54 0.76 0.23 LG-1
MZ-2-LL Rock glacier ridge 1760 52.14 ± 1.1 52 125 6.21 6.54 0.10 LG-2a
MZ-2-UL Rock glacier ridge 1870 53.96 ± 1.3 52.5 125 7.21 15.55 0.06⁎ LG-2b
MZ-3-LL Rock glacier ridge 1730 55.0 ± 1.2 54.5 125 6.52 1.77 −0.22 LG-2a
MZ-3-UL Rock glacier ridge 1765 56.33 ± 1.3 57 125 7.28 13.0 −0.15⁎ LG-2b
Vel'ke Zawraty cirque
WZ-1a Rock glacier ridge 1630 54.1 ± 0.8 54.5 125 3.83 2.92 −0.04 LG-2a
WZ-1b Rock glacier ridge 1650 53.34 ± 0.9 53 125 3.49 3.14 0.49 LG-2a
WZ-2 Moraine crest 1725 53.53 ± 1.0 52.5 125 3.81 1.99 0.51 LG-2a
WZ-3 Moraine crest 1720 54.92 ± 0.8 54.5 125 4.03 3.16 0.19 LG-2a
WZ-4 Moraine cover 1755 56.22 ± 0.7 56 125 4.13 3.23 0.13 LG-2a
WZ-5 Rock glacier ridge 1830 61.90 ± 0.7 62.5 125 3.48 0.44 −0.93 LG-3
WZ-6 Rock glacier ridge 1820 62.15 ± 0.4 62 125 2.70 1.08 −0.25 LG-3
WZ-7 Rock glacier ridge 1840 61.57 ± 0.7 63 125 4.88 3.88 −1.22 LG-3
WZ-8 Rock glacier ridge 1820 61.54 ± 0.7 63 125 4.68 3.91 −1.38 LG-3
WZ-9 Rock glacier ridge 1830 61.82 ± 0.7 62.5 125 3.95 3.5 −0.67 LG-3
⁎ Bimodal.
115P. Kłapyta / Catena 111 (2013) 104–121is no evidence from these data for a consistent difference in relative age,
which implies a similar time period of glacial advances in both valleys.
5.4. R-value frequency distribution in the Bystrá and Žiarska Valleys
The frequency distribution for most of the samples is unimodal
(Figs. 8 and 9). Bimodal distribution peaks are seen in data for both
two upper lobes of the MZ-2 and MZ-3 rock glaciers (Figs. 4 and 9,
Tables 1 and 5). The frequency distribution of these sites is also
strongly tailed, suggesting that these data sets contain more than
one statistical population (Fig. 9) (Matthews and Owen, 2010).
The lowest skewness values were calculated for WZ-1a, MZ-2-UL,
and ZR-max-2 sites in Žiarska Valley as well as for SZ-8, SZ-5, and
B-1 sites in Bystrá Valley, with a near symmetrical frequency
distribution (Tables 4 and 5). All the measurements in Bystrá
Valley exhibit relatively low skewness in the range of 0.06–0.58
and a generally similar distribution (Table 4). All sites in the
youngest Zr-3 morphosystem exhibit slight negative skewness,
which may point to a somewhat lower mean R-value than that
observed as well as the inﬂuence of other parameters that may
bias SH weathering measurements. Negative skewness was also
calculated for the MZ-3-LL and MZ-3-UL sites (Table 5).
6. Discussion
6.1. Reconstruction of Late Pleistocene moraine and rock glacier formation
processes in the Western Tatra Mts.
The glacial–periglacial landform assemblage in the Bystrá and
Žiarska Valleys represents the best preserved Late Pleistocene strat-
igraphic sequence on the southern slopes of the Western Tatra
Mountains. Suitable topographic and climate conditions allowed
for the longest ice preservation among all the valleys in this part
of the Tatra massif (Szaﬂarski, 1937). The obtained morphological
relationship together with Schmidt hammer weathering indices
enable the classiﬁcation of select morphosystems into relative age
categories (Fig. 5). Altogether, they provide an opportunity to re-
construct deglaciation patterns for southern Tatra slopes.The lowest geomorphological position and the lowest overall R-
values (39.5–40) were noted for Dùbrava Member moraines (Fig. 1C
andD). Theywere tentatively correlatedwith the Last Glacial Maximum
(26.5–20 ka BP), when most Western Tatra glaciers reached their
maximum Pleistocene extent (Halouzka, 1987; Kłapyta, 2009; Lucerna,
1908; Lukniš, 1964; Szaﬂarski, 1937). The temporal boundaries for
maximum glacial expansion are consistent with local speleotheme
records from Western Tatra caves (Hercman, 2000; Hercman et al.,
1998). In Chochołowska Valley, moraines of the maximum Pleistocene
glacial extent banded the Szczelina Chochołowska cave entrance,
while its cave passages served as natural drainage routes for proglacial
waters. Th/U dated speleotheme yielded evidence of extremely cold
and dry climate conditions at ca. 25 ka BP, which corresponds to a
time of maximum glacial expansion in the vicinity of the cave
(Hercman et al., 1998). Additionally, the 36Cl age of boulders from the
maximal moraines of the Sucha Woda glacier (Polish High Tatras),
shows that it stabilized ca. 21 ka BP, and hence, represents the deposits
of the last glacial stage (Dzierżek et al., 1999). Similarly, the 36Cl
exposure dates from High Tatra Mt. cirques indicate that the onset of
decreases in ice volume occurred not later than 21.5 ka (Makos et al.,
2013).
Following the Last Glacial Maximum, Western Tatra valley glaciers
melted back into an up-valley location. Such an improvement (warming
and higher moisture) in climate conditions at the end of the LGM
(N21 ka BP) has been documented by the speleotheme crystallization
phase in both the Western Tatra and Low Tatra mountain caves
(Hercman et al., 1998; Hercman, 2000; Hercman et al., 2008). This
must have had a substantial impact on the acceleration of rock surface
weathering, as it is documented by a clear difference in mean R-values
between maximal moraines (LGM) and the ﬁrst Late Glacial moraine
morphosystem (LG-1) (Fig. 5).
After that, selective cold impulses must have taken place, as this
is recorded in the moraine and relict rock glacier assemblage. They
correspond to the three sets of Late Glacial morphosystems (LG-1,
LG-2 and LG-3), which were identiﬁed in the Western Tatra land-
form sequence (Kłapyta, 2009, 2011). The ﬁrst Late Glacial re-
advance was related to a pronounced cooling, which led to the
deposition of Kuštikovo Košarisko Member (LG-1) stadial moraines
(Fig. 2C). The mean overall R-values for this moraine system (45.5)
Fig. 7. Spatial distribution of Schmidt hammer rebound (R-value)measurements in the upper part of the Žiarska Valley (V'elkè Závraty cirque) plotted on the aerial photograph projected
on the DEM.
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(Fig. 5). A comparable rate of moraine boulder weathering was also
found on Late Glacial moraines with a similar morphostratigraphic
position in the High Tatra Mts. (Vich, 2007).
The next morphological system (Bystré plesa Member, LG-2) was
formed as a continuum of landforms from debris-covered glaciers to
valley ﬂoor rock glaciers (ice-cored rock glaciers) (Tables 1 and 2,
Figs. 3 and 4). Well-deﬁned, massive, boulder-rich outer moraines (up
to 20–30 m in height) and less pronounced recessional moraines indi-
cate an outstanding re-advance and subsequent glacial suboscillations.
In some cirques, two and sometimes three distinct sets of moraines
can be found within a system, which implies major landforms in cirque
morphology (Figs. 2D and 3). They yielded similar mean R-values
(51–56), which suggest a relatively small time interval between
episodes and a relatively long period of pronounced cooling without
substantial changes in rock weathering conditions. During this stage,
the oldest rock glacier system also evolved locally beneath small cirque
glaciers (ice-cored rock glaciers) and rocky slopes (talus-rock glaciers)
(Table 1, Fig. 4). The lower rock glacier belt is comprised of relatively
large tongue-shaped or lobate debris bodies formed across valley cirque
ﬂoors, which are usually morphologically associated with moraines of
the LG-2 glacier advance (Fig. 4). Their mean elevation is calculated to
be 1640 m (Kłapyta, 2009). Similar mean R-values obtained for
moraines and related moraine-rock glaciers (Fig. 5) suggest that their
creep was initiated during glacier expansion episodes and rock glacier
activity may be attributed to the continuous supply of moraine debris
(Kirkbride and Brazier, 1995). Ice-cored rock glaciers in Žiarska Valley
most likely formed during deglaciation when glaciers retreated into a
high-walled cirque and became buried owing to a large quantity of
debris resulting from the frost shattering of the surrounding rockwalls.
The presence of small cirque glaciers above rock glaciers suggests that
although precipitation must have been low enough to preclude glacierextension down to lower altitudes, it was not so low as to inhibit glacier
formation entirely. The presence of polymorphic rock glaciers
(Frauenfelder and Kääb, 2000) of similar relative age in Žiarska Valley
(Figs. 4 and 7) may imply a relatively long period of cryogenic
conditions without substantial changes in rock weathering conditions.
Observations of active rock glaciers suggest that the minimum time
period of cryogenic conditions for rock glacier formation is in the
range of 100 to 1000 years (Barsch, 1996). In the Žiarska and Bystrá
Valleys, the lower boundary of eight relict talus rock glaciers and
protalus lobes of the Bystré plesa Member reach 1470 m of elevation
(Table 1). Thus, this could reﬂect the potential lower limit of permafrost.
On the basis of similar relative topographic position, re-advance
character, and clear morphological transition towards a debris-
dominated type of deglaciation, the LG-2 morphosystem could
roughly correspond to the High Tatra “Dwoisty Staw” stade, which
has been attributed to the Alpine Gschnitz stade and the Oldest
Dryas chronozone (ca 16.5–13.7 cal. BP, Baumgart-Kotarba and
Kotarba, 1997, 2001).
The youngest morphosystem is represented by talus-rock
glaciers and protalus lobes, which are the most recent cold-stage
landforms in the Western Tatra Mts. It is likely that these features
formed during the ﬁnal stage of the Late Glacial (Younger Dryas,
12.9–11.5 ka BP) in entirely permafrost conditions; however, the
presence of a small cirque glacier above the body of WZ-6 could
not be ruled out. The higher rock glacier belt consists of small
talus-derived rock glaciers or protalus lobes, and their calculated
mean elevation is 1840 m (Table 1). In the LG-3 morphosystem,
the lowest front is found at an elevation of 1770 m (of 10 relict
rock glaciers and protalus lobes). This indicates that the lower
permafrost limit during the formation of Bystrá Member rock
glaciers was at least 300 m higher in comparison with Bystré
plesa glaciers.
Fig. 8. Frequency histograms of R-values measured in the Bystrá Valley: N—number of measurements, M—mean, MD—median, R—value, SK—skewness, V—coefﬁcient of variation.
Numerals in the graph refer to measurement locations in Figs. 1C and 3.
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Pleistocene moraines and rock glaciers
This paper is based on 4750 individual measurements. According
to Shakesby et al. (2011), obtaining such a large statistical popula-
tion of measurements may dilute systematic variation in R-values
and limit non-age-related variations. For example, various factors
such as surface roughness and vegetation cover could have also
inﬂuenced the obtained results. Signiﬁcant textural differences be-
tween rock surfaces were observed along longitudinal valley
sections from down-valley parts to cirques. Additionally, different
stages of lichen and moss cover development were also observed
in the up-valley direction. The surface of the oldest LGM granite
boulders, located at down-valley forest sites, was relatively smooth
with little lichen and moss cover. As reported by Shakesby et al.
(2006, 2011), continuously vegetation-free rock surfaces may
have been the result of long-term variations in the growth anddemise of vegetation. Multiple cycles of lichen development could
increase the probability of accelerated surface disintegration,
leading to more intense subaerial chemical weathering than at
many sites found above the treeline. Lichen and soil cover may
enhance rock surface weathering as much as 50 times (McCarroll
and Viles, 1995; Shakesby et al., 2006). There are, however, reports
of comparable low R-values for other moraine features in the Tatra
Mts. Vich (2007) studied the High Tatra Mts. and found that the R-values
for granite moraine boulders in the southern-facing Mala Studena Valley
decrease in the down-valley direction to a value of 40. In contrast, LG-1
and LG-2 boulders, located above the treeline, feature rougher surface
textures, and are more heavily draped in moss and lichens.
On the youngest boulder surfaces (LG-3), where the highest R-
values had been recorded (Fig. 5), pegmatite textures aremore common
and the degree of weathering of minerals varies signiﬁcantly. The boul-
der surfaces also lack lichen cover. On coarse-grained surfaces, the ma-
trix tends to weather relatively fast via granular disintegration, leaving
Fig. 9. Frequency histograms of R-values measured in the Žiarska Valley: N—number of measurements, M—mean MD—median, R—value, SK—skewness, V—coefﬁcient of variation. Nu-
merals in the graph refer to measurement locations in Figs. 1D and 4.
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prolonged weathering of minerals. Slightly negative skewness values
for LG-3 at V'elkè Závraty cirque sites (Fig. 9) indicate, however, that
the obtained Schmidt hammer readings are somewhat higher than the
original rock surface hardness. SH data show that for 150–100 year
old granite talus surfaces in the Slovak High Tatra Mts. (Karkošiak,
2007), the highest R-value means are in the range of 64–65. The anom-
alously high mean R-values (R = 60–62) obtained for Late Glacial fea-
tures at V'elkè Závraty cirque sites (Table 5) were caused, at least in
part, by a high proportion of pegmatite-rich boulders, and most likely
by the application of surface grinding.
Measurement on pegmatite bedrock surfaces may produce
higher readings than on rougher surfaces, because the smoother
the surface, the greater the rebound value, owing to the greater
amount of surface contact made by the hammer (McCarroll,
1991).
Surface grinding was used in this study to remove rock unevenness
from the surface via the use of carborundum provided with each
Schmidt hammer. Some researchers (Černa and Engel, 2011; Katz
et al., 2000;Malhotra, 1976) recommend surface grinding prior tomak-
ing SH measurements, as it has no relevant inﬂuence on resulting R-
values. According to Černa and Engel (2011), this procedure signiﬁcant-
ly improves the resolution and accuracy of the SH method's data range,
especially in the case of old rock surfaces, but it also increases the
obtained values. In a study by Černa and Engel (2011), natural granite
surfaces with mean R-values between 20 and 25, yield R-values be-
tween 22 and 42 after polishing, which points to an overall increase in
R-values in the range of 10–68%.The Schmidt hammer technique has proved to be a highly
accurate tool in the relative-age dating of inorganic glacial deposits
originating in the Holocene. Several researchers (Matthews and
Owen, 2010; Matthews and Shakesby, 1984; Shakesby et al., 2006;
Winkler, 2005), have used the SH technique to successfully
distinguish between moraine surfaces dating back to the ‘Little Ice
Age’ (c. AD 1750) and the early Holocene. Additionally, as shown
by Shakesby et al. (2006, 2011), the narrow age error range
(300–515 years) for this dating technique used for glaciated
Holocene sites in Scandinavia, enables one to distinguish moraine
deposition events separated by relatively short time intervals
(ca.1.5–2 ka), e.g. during the Younger Dryas (12.9–11.5 ka), Early
Holocene (9.7–10.2 ka) and mid-Holocene (8.2 ka). Conversely,
relatively few studies have demonstrated the potential applicability
of this instrument in the assessment of the relative age of Late
Pleistocene rock surfaces that had experienced major climate
changes and corresponding weathering conditions (Ballantyne,
1986; Anderson et al., 1998; Ballantyne, 1997; White et al., 1998;
Clark and Wilson, 2004; Rae et al., 2004; Shakesby et al., 2006;
Engel, 2007; Černa and Engel, 2011). In the ﬁrst application of the
Schmidt hammer to High Tatra glacial deposits and glacially abrad-
ed bedrock (Kotarba et al., 2000), several sites of possibly different
ages were studied. This study was able to show that age-related dif-
ferences are less likely to be detected because of the rough texture
of coarse-grained Tatra granitoids. Additionally, the dating capability
of the Schmidt hammer method was limited to distinguishing recently
exposed boulders from much older glacial deposits, which most likely
represent separate glaciations (Riss/Würm).
119P. Kłapyta / Catena 111 (2013) 104–121This study shows the validity of the Schmidt hammer relative-agedat-
ing technique with respect to Late Pleistocene moraine surfaces, at least
up to 25 ka in age. This is consistent with the view of White et al.
(1998) and Rae et al. (2004), who found that SH is capable of
distinguishing rock surfaces exposed for more than 10,000 years from
surfaces originating in the Holocene. Similarly, Černa and Engel (2011)
stated that the theoretical effective age range of SH dating of granite sur-
faces is restricted to the Holocene and Last Glacial (MIS 2) surfaces.
Prolonged weathering changes the physical and chemical properties of
exposed rock surfaces and causes a gradual increase in surface
degradation. Nevertheless, granite rocks represent rock types with con-
siderable resistance to weathering, especially under Arctic–Alpine condi-
tions, where a low rate of subaerial chemical weathering of granite has
been reported (Andre, 2002; Ericson, 2004). In this context, the effective
age limit of the Schmidt hammer technique is still unclear, as its resolu-
tion decreases with increasing rock age due to variable weathering
rates, but decrease over time (Colman, 1981; Colman and Dethier,
1986). However, this age limit can be extended by surface grinding,
whichmayextend the effectivemeasurement range even toMiddle Pleis-
tocene granite surfaces. Such a long age range of the SH technique is also
supported by Sánchez et al. (2009) who have demonstrated R-value de-
clines on granite surfaces up to 100 ka.
Schmidt hammer rebound values indicate a long formation history
of themoraines and rock glaciers on the southern slopes of theWestern
Tatra Mountains. The progressive increase in mean R-values from the
lower part to the upper part of the valley is rather clear (Fig. 5). The
obtained R-values are primarily inﬂuenced by the weathering history
of the study area and their differences of N10 suggest time periods of
thousands to tens of thousands of years, even for resistant rocks such
as gneiss (Ayoma, 2005; Frauenfelder et al., 2005; Keller-Pirklbauer
et al., 2008; Shakesby et al., 2006). The decline in R-values along with
increasing age has been conﬁrmed for Holocene rock surfaces as being
best deﬁned by a linear relationship (Shakesby et al., 2006, 2011).
Conversely, SH application data for pre-Holocene surfaces of known
age suggest that weathering rates for rock surfaces are not linear but
decrease over time (curvilinear relationship) (Černa and Engel, 2011;
Engel, 2007; Sánchez et al., 2009; White et al., 1998). The climate is
seen as the main factor controlling the rate of weathering of pre-
Holocene surfaces (Černa and Engel, 2011). A rapid increase in rock
surface weathering characterized the interglacial and interstadial pe-
riods when warm and wet conditions were prevalent. Conversely, cold
and dry conditions during the glacial periods caused relatively slow
surface deterioration (Goodfellow, 2007). In this context, the large
differences in mean R-values (up to 7 units) obtained in this study for
select phases of moraine formation may indicate distinct phases of
intense rock surface weathering due to climate change (warming and
high moisture).
7. Conclusions
The application of SH to Late Pleistocene moraines and rock
glaciers in the Western Tatra Mountains (Slovakia) conﬁrms the
relative-dating potential of this method. A progressive increase in
mean R-values from valley outlets to the highest cirques has been
observed, indicating a decline in the degree of boulder surface
weathering. Overall R-values and conﬁdence intervals for corre-
sponding Late Pleistocene morphosystems are remarkably similar
for the two studied valleys and largely overlap, which implies that
they are primarily inﬂuenced by the weathering history of the
study area. The application of SH dating for moraine sequences
underscores the contrast between various stages of weathering on
maximal and recessional moraines. The calculated mean R-values
indicate that the data fall into four relatively distinct relative age
categories: LGM (40.1 ± 1.1), LG-1 (46 ± 0.5), LG-2 (53.5 ± 1.0)
and LG-3 (60.5 ± 0.3), which correspond to maximal moraines
(LGM) and three Late Glacial morphosystems (LG). The lowestmeans among all the measurement sites were calculated for the
maximal moraine system of the Dùbrava Member, located at the
lowest overall elevation, and correlated with the Last Glacial
Maximum (26.5–21 ka BP). The highest mean R-values among all
the measurement sites were calculated for the Bystrá Member
protalus lobe-rock glacier system, which formed most likely during
the Younger Dryas (12.9–11.5 ka BP).
This research study shows the high dating capability of the Schmidt
hammer technique for Late Pleistocene moraine surfaces at least up to
25 ka. However, an increase in boulder surface roughness consistent
with altitude may substantially increase the obtained rebound values,
especially for the youngest Late Pleistocene features. Schmidt hammer
rebound values could postulate local basic morphochronological sys-
tems in glaciated cirque–valley systems and enable a direct comparison
of the research results with neighboring valleys, considering their
similar rock type, climate, exposition and glacial history. The consistent
results obtained using the Schmidt hammer technique for Late Pleisto-
cene glacial and periglacial features point to other potential uses. This
includes the identiﬁcation of sites suitable for cosmogenic nuclide
dating as age-control points for age data obtained using the Schmidt
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